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1. Introduction
Adsorption as well as ion exchange share many common features. Although such phenom‐
ena are distinct (ion exchange is a stoichiometric process) they can be generically denomi‐
nated as sorption processes. Then, as already known, sorption is a well-established
technology in chemical engineering.
The sorption ability of different sorbents is strongly dependent on the available surface area,
polarity, contact time, pH and the degree of hydrophobic nature of the adsorbent and adsor‐
bate (Suzuki, 1990). Therefore, the selection of the sorbent is the first step in such investiga‐
tion. Studies should be firstly focused on batch systems in equilibrium and isotherms should
be constructed.
Equilibrium condition is attained when the concentration of the solute remains constant, as
a result of zero net transfer of solute sorbed and desorbed from sorbent surface. The equili‐
brium sorption isotherms describe these relationships between the equilibrium concentra‐
tion of the sorbate in the solid and liquid phase at constant temperature. Experimental data
may provide different isotherm shapes such as: Linear, Favorable, Strongly favorable, Irre‐
versible and Unfavorable (McCabe et al., 2001) as shown in Figure 1.
The linear isotherm starts from the origin. Although it does not show a selectivity behavior,
the sorbent related to this isotherm sometimes is chosen because the linear isotherm facili‐
tates the column modeling, mainly when equilibrium data is added to the phenomenologi‐
cal dynamic model (Helferich, 1995).
Sorbents that provide isotherms with convex upward curvature are denominated as favora‐
ble and strongly favorable. These shapes are often selected for dynamic studies because they
show the sorbent selectivity to the sorbate of interest. Nevertheless, they are not convenient
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when regeneration is required because it may be related to an unfavorable isotherm and
quite long mass-transfer zones in the bed (McCabe et al., 2001). Moreover, the famous Lang‐
muir model provides good adjustments to strongly favorable isotherms as it forms a plateau
that represents in many cases, the monolayer sorption. Here, it must be remembered that the
equilibrium equation is used in the modeling of fixed bed.
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Figure 1. Adsorption isotherms
Finally, it may be emphasized that the Langmuir isotherm is derived assuming a uniform
surface, which is many cases is not rigorously valid. This relation works fairly well, even
with sorbents with high heterogeneity such as zeolites, clays or activated carbon.Here some
aspects should be stressed. The first one is related to the model itself. Sometimes the Lang‐
muir model represents the experimental data although it is known that are different sites in‐
volved in the sorption process such as the ones located in the supercages or in the sodalite
cages of NaX zeolite (Barros et al., 2004). On the other hand, sorbent may have high hetero‐
geneity and only one type of site is effective in the sorption process. Then, the experimental
data may be fitted successfully to such model and the assumptions previously considered
are still valid. This may be case of sorption of large molecules such as dyes.
The limiting case of the extremely favorable isotherm is the irreversible sorption represented
by a horizontal line, that means a constant amount of sorbed compound. When the irreversi‐
ble isotherm is obtained no regeneration is possible.
Designing of dynamic sorption processes also takes into account the multicomponent efflu‐
ent. It means that studies of batch competitive systems should be relevant. Sorbents that
have affinity to different sorbates may be less effective in removing the one of interest. It
these cases, higher packed beds are required. The multicomponent equilibrium data are ob‐
tained considering the initial multicomponent solution. Many models have been proposed.
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Some of them are derived from the single Langmuir model. As it happens with the single
sorption, even when the ion exchange phenomenon is involved, release of the out-going ion
is neglected (Misak 2000; Sprynskyy et al., 2006).
The Binary Langmuir Model assumes a homogeneous surface with respect to the energy of
adsorption, no interaction between adsorbed species and that all adsorption sites are equally
available to all adsorbed species The Noncompetitive Langmuir Model considers that the
concentration of the sorbate of interest in the sorbent depends on the concentration of the
respective specie in the fluid phase only. In this case, monocomponent Langmuir can be ap‐
plied for each one of the species in solution (Sánchez et al., 1999). In both cases, the Binary
Langmuir Model and the Noncompetitive Langmuir Model, as there is no competition to
the same sites, no overshooting is observed in the breakthrough curve. Overshooting will be
discussed later.
The Langmuir Type Model was developed to describe the noncompetitive inhibition during
enzymatic kinetic studies. According to the adsorption point of view such model may be ap‐
plied when a synergism effect is presented due to the existence of sites containing both spe‐
cies (Bailey and Ollis, 1986; Sánchez et al., 1999). It means that in the dynamic sorption more
adsorption occurs than the one it was expected, and the uptake on the sorbate of interest is
promoted by the presence of other sorbates. No overshooting is expected to occur in this
system.
Jain and Snoeyink (1973) have proposed an adsorption model for binary mixtures based on
the hypothesis that a part of adsorption occurs without competition. In other words it means
that there is at least one type of sorption site where the sorbate of interest is preferentially
retained with no competition. In other types of sites, competition occurs. Then, it may be
supposed that a slightly overshooting curvature may be evidenced in the breakthrough
curve.
Myers and Prausnitz (1965) developed the ideal adsorbed solution theory (IAST) based on
the Gibbs adsorption isotherm. The IAST model has the main advantage to predict the equi‐
librium in multicomponent systems in microporousmaterials through the single isotherms
only. However, although the model allows its application in many complex mixtures of sol‐
utes, the IAST model limits its use in the range of concentration where the single equilibri‐
um data were obtained. It has been used to predict the sorption process in gas phase, mainly
in diluted systems.
A non-predictive  thermodynamic  approach called RAST (Real  Adsorbed Solution Theo‐
ry) extends the IAST theory to more concentrated solutes using the corresponding activi‐
ty coefficients.
Finally, when the ion exchange process is much more pronounced then the adsorption proc‐
ess, it may be applied the Ion Exchange Model taking into account the Mass Action Law. In
typical ion exchangers such as zeolites this mode are applied with successful results.
After selecting the sorbent and investigating the sorption mechanism, the second step is the
dynamic studies in the fixed bed system.
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2. Dynamic studies in fixed bed systems
2.1. The breakthrough curve
Most ion-exchange operations, whether in laboratory or in plant-scale processes, are carried
out in columns. A solution is passed through a bed of sorbent beads where its composition
is changed by sorption. The composition of the effluent and its change with time depend on
the properties of the sorbent (as already discussed), the composition of the feed, and the op‐
erating conditions (flow rate, temperature etc.). Plots of the ratio C/Co (outlet sorbate con‐
centration/sorbate feed concentration) versus time are denominated as breakthrough curves.
As the run stars, most of the mass transfer takes place near the inlet of the bed, where the
fluid first contacts the sorbent. If the solid contains no sorbate at the start, the concentration
in the fluid drops exponentially to zero before the end of the bed is reached. This concentra‐
tion profile as well as the breakthrough curve is shown in Figure 1. As the run proceeds, the
solid near the inlet is nearly saturated, and most of the mass transfer takes place further
from the inlet. The concentration gradient is S shaped. The region where most of the change
in concentration occurs is called the mass-transfer zone. This is the real behavior of mass
transfer process in fixed beds. When the axial or radial mass transfer resistances are neglect‐
ed sorption occurs homogeneously and this is the ideal case. In fact, mass transfer resistan‐
ces can be minimized but not effectively eliminated. Comments about such phenomenon
will be better detailed. The limits of the breakthrough curve are often taken as C/Co values
of 0.05 to 0.95, unless any other recommendation is fixed. They are related to the breakpoint
(tb, Cb) and saturation point (ts, Cs), respectively. In most of cases Cs Co. This is the case of
wastewater treatment of highly toxic sorbates. When the concentration reaches the limiting
permissible value, say, 1 ppm, it is considered the break point. The flow is stopped, the col‐
umn is regenerated and the inlet concentration is redirected to a fresh sorbent bed.
Figure 2. Breakthrough curve for the sorption process in fixed beds Co is the concentration of the inlet solution, Cb is
the concentration of the breakthrough, tb is the breakpoint time and ts is the saturation time.
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2.2. Mass transfer in fixed beds
In fixed-bed ion exchange, the concentration in the fluid phase and in the solid phase
changes with time as well as with position in the bed. The transfer process is described by
the overall volumetric coefficient (Kca), obtained from a metal material balance in the col‐
umn assuming irreversible sorption as proposed in McCabe et al. (2001):
Kca =
N .uo
H t (1)
where N is the overall number of transfer units, Ht is the bed length and uo is the superficial
velocity of the fluid.
In fact, Eq. 1 can be used for modeling the breakthrough curves, if the batch isotherms can
be considered as irreversible.
The overall number of transfer units may be obtained graphically by plotting C/Co versus
N(τ-1), where N(τ-1) = 1+ln(C/Co) (McCabe et al., 2001). Parameter τ is dimensionless time
defined as
τ =
uoCo(t - εuo H t )
ρp(1 - ε)W sat H t
(2)
The term εuo H t  in Eq. 2 is the time required to displace fluid from external voids in the bed,
which is normally negligible. The product is the total amount of metal fed per unit cross sec‐
tion of the bed up to time t and ρp(1 - ε)W sat H t  is the capacity of the bed, which is equal to
the time equivalent to total stoichiometric capacity of the packed-bed tower (tt).
The time equivalent to usable capacity of the bed (tu) and the time equivalent to total stoi‐
chiometric capacity of the packed-bed tower (tt) if the entire bed reaches equilibrium are
provided by a mass balance in the column and they are easily determined by (Geankoplis
1993):
tu = ∫0
tb(1 - CCo )dt (3)
tt = ∫0
∞(1 - CCo )dt (4)
where tb is the breakpoint time.
If time t is assumed to be the time equivalent to the usable capacity of the bed (tu) up to tb,
parameter τ may be simplified to tu/tt.This ratio is the fraction of total bed capacity or length
utilized to the breakpoint (Geankoplis, 1993). Hence, the length of unused bed (HUNB) is the
unused fraction times the total length (Ht).
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HUNB = (1 - tutt )H t (5)
HUNB is assumed to be constant and, as a consequence, an important tool when scaling-up
processes (McCabe et al., 2001). Unfortunately it is not always true. A constant mass-transfer
zone is valid for ideal sorption systems associated with sorbates of small molecular diameter
and simple structures (Walker and Weatherly, 1997). Changes in pH speciation through the
column may also change the MTZ (Gazola et al., 2006). It probably happens because the rate
at which the sorption zone travels through the bed decreases with bed height (Walker and
Weatherly, 1997). Therefore, it may be concluded that the hypothesis of a constant length of
mass transfer zone for the same feed concentration can be acceptable depending on the var‐
iation of the bed height and specific sorbates.
HUNB represents the mass-transfer zone (MTZ). Small values of this parameter mean that the
breakthrough curve is close to an ideal step with negligible mass-transfer resistance. More‐
over, in the ideal condition, no axial dispersion would occur. The velocity profile would be
analogous to the one observed in a Plug Flow Reactor and the ideal breakthrough curve
would be the response to a positive-step test, called the Cumulative Distribution Function or
F curve. In the ideal breakthrough curve HUNB is zero. This condition is never reached al‐
though it is recommended to operate the column as close as possible. The closer the column
is operated to the ideal condition, the more efficient is the mass transfer zone. Therefore, the
ideal situation means HUNB = 0. In experimentally effective situation 0 < HUNB< Ht. If HUNB> Ht
in the very beginning of the run the sorbate is presented in the outlet solution, the sorption
process is highly inefficient, mainly if the sorption unit has been used for wastewater treat‐
ment. An increase in Ht is recommended.
Besides the minimum MTZ, some other mass transfer parameters may be used to identify,
quantitatively, the condition with the lowest resistances over the operational conditions in‐
vestigated.
One of this parameter is the residence-time distribution (RTD). According to Fogler (2004),
the RTD is determined experimentally by injecting a tracer in the column at some time t=0
and then measuring the outlet concentration as a function of time. In this case, the tracer is
used to determine RTD in reactors and must be nonreactive, easily detectable, completely
soluble to the mixture and more important: it should not adsorb on the walls or any other
surface of the reactor. If the injection of a tracer is given as a step injection, the response is
the F curve which shape is analogous to the breakthrough curve as seen in Figure 2. Then, it
is possible to obtain the average residence time (tres). Correlation between the F curve from
the non-ideal concept and the sorption process in fixed beds can be done only in terms of the
graphical shape. No more similarities are corrected.
The average residence time (tres) of the fluid in the columnis estimated based on principles
of probability as follows (Hill, 1977):
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